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ABSTRACT 


The  pachogeneils  and  nature  of  the  pulntonary  edena  cauaed  by 
lethal  doaea  of  anthrax  toxin  in  Fiacher  344  rate  were  inveati> 
gated.  It  waa  ahown  that  naaaive  pulmonary  edema  developed  only 
after  a  lag  period  during  which  aigna  of  illneaa  were  abaent. 

The  protein  content  and  electrophoretic  analyaea  of  exudatea 
collected  from  rata  killed  by  toxin  indicated  that  plaama  had 
eacaped  from  the  pulmonary  circulation.  Following  injection 
of  aublethal  doaea  of  toxin,  a  delayed  but  prolonged  vaacular 
leakage  in  pulmonary,  peritoneal,  and  aubcutaneoua  vaacular 
beda  waa  alao  demonatrated.  Pulmonary  edema  waa  not  prevented 
nor  waa  aurvival  time  increaaed  by  treating  rata  with  druga 
Inhibiting  hiataminc  or  serotonin  or  with  druga  blocking  the 
autonomic  nervous  system  at  several  sites. 


lOT  RODIJC  l  KW 


iviuvious  riipart  fjom  this  laboratory  ehcwed  that  rate  were  killed 
tiiuili  )a;;ier  by  less  anthrax  toxin  per  gram  of  body  weight  than  were  mice 
or  psi!:ua  ptgs.^  Clinical  symptoms  and  postmortem  observations  were  also 
(jebs.1  i  hi‘d .  Tlse  relatively  high  susceptibility  of  the  Fischer  344  rat  to 
I  he  ieii-.al  effteis  of  anthrax  toxin  has  Since  been  confirmed  by  other 
itivcsr  tgat  ors.' “  Hie  present  study  investigates  the  manner  In  which 
toxin  exiits  Its  lethal  effect  In  the  rat  in  order  that  the  significante 
ol  this  phenonienou  In  the  patliogenesls  of  anthrax  may  be  evaluated. 

Most  o!  the  following  experiments  were  concerned  with  the  pathogen®**!  “ 
and  nature  of  the  pulmonary  edema  caused  by  anthrax  toxin  In  rats. 


1^; _ MAIERIAI.S  AI;D  MRTHOPS 


A.  ANnillAX  TOXIN 

The  Sterne  (Weybrldge)  strain  of  Bacillus  anthracts  was  grown  In 
casamino  acids  medium  under  conditions  previously  described.^  After 
24  hours’  growth,  the  bulk  of  the  bacteria  was  removed  by  centrifugation 
and  the  crude  or  un fractionated  toxin  used  in  these  experiments  was  pre¬ 
pared  In  one  of  two  ways;  (1)  the  culture  was  sterilized  by  filtration 
through  memlirane  filters  (Mllllpore®)  held  in  stainless  steel  funnels, 
frozen,  and  stored  at  -20  C,  or  (11)  horse  serum  (10%  v/v)  was  added  to 
the  suiietaatant  culture  fluid,  which  was  then  sterilized  by  passage 
througli  fr itted-glass  filters  of  ultraflne  porosity,  shell-frozen, 
lyophllized,  and  stored  at  -20  C.  Horse  serum  stabilizes  anthrax  toxin 
to  lyophlllzat^on  and  prevents  the  adsorption  of  toxic  fractions  on 
fritted  glass.  Toxin  prepared  as  In  (1)  was  used  exclusively  in  the 
experiments  demonstrating  increased  capillary  permeability  by  dye  leak¬ 
age;  preparation  (tl)  was  used  in  the  experiments  on  drug  treatments. 

The  results  on  increased  lung  weights  were  obtained  with  both  prepara¬ 
tions.  These  culture  filtrates  killed  all  rata  given  0.4  cc  or  more 
intravenously.  Injection  of  2.0  cc  by  this  route  killed  rats  in  60  to 
70  minutes  and  l.O  cc  killed  them  In  80  to  90  minutes.  A  portion  of  the 
culture  filtrates  prepared  as  In  (1)  above  waa  subsequently  passed  through 
frlttcd-glssB  filters  until  toxic  factors  had  been  removed  to  the  extent 
that  Intravenous  injection  of  4.0  cc  of  the  final  filtrate  no  longer 
elicited  symptoms  of  toxicity  In  rats  and  the  material  had  no  titer  In 
the  guinea  pig  assay  for  formation  of  cutaneous  edema.'  Thla  material 
is  referred  to  as  nontoxic  culture  filtrate. 


Me*,  tlmreforw  ant  flteaa* 
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B.  RATS 

Male  Fischer  344  rats,  welgitlng  200  to  300  grains,  were  used  In  these 
experiments.  Most  of  these  came  from  the  colony  maintained  at  Fort  Detrlck* 
and  some  were  purchased  from  The  Charles  River  Breeding  Laboratories,  Inc., 
Brookline,  Mass.,  or  from  Microbiological  Associates,  Inc.,  Ualkersvllle, 
Maryland.  Unless  otherwise  stated  toxin  was  Injected  Into  the  dorsal 
vein  of  the  penis.  Doses  of  toxin  up  to  2.0  cc  were  administered  by 
this  route. 


C .  LUNG  WEIGHTS 

Lungs  from  rats  killed  by  anthrax  toxin  and  from  rats  sacrificed  by 
crushing  the  cervical  spine  were  weighed.  The  trachea  was  severed  near 
the  bifurcation,  and  the  heart,  esophagus,  and  thymus  were  carefully 
removed.  The  weight  of  the  lungs  was  determined  to  0.01  g  and  reported 
as  a  per  cent  of  the  body  weight,  which  had  been  determined  to  the 
nearest  5  g.  The  term  luna  weight  used  here  refers  to  this  value. 


D.  PROTEIN  ANALYSIS 

Rat  sera  and  exudates  were  analysed  for  protein  content  by  a  modlfica' 
tion  of  the  biuret  method^  and  by  means  of  paper  electrophoresis.* 


E.  DRUGS  AND  DOSAGES 

The  following  drug  treatments  were  tested  for  effect  in  altering  the 
response  of  rats  to  a  lethal  Intravenous  dose  of  tomln. 

Nicotine  was  Injected  subcutaneously  (4  mg  par  kg)  30  minutes  before 
the  toxin  was  Injected  and  three  times  Sftenrard  at  Intervals  of  20  to 
30  minutes. 


Frlscollne'^  (tolasollnc  bydrodilorlde)  -  (Clba  Pharmaceutical  Co.) 
was  given  Intrapcrltoneally  (48  mg  per  kg)  30  mtoutes  before  and  after 
injection  of  toxin. 

Dibensyline^  (phenoxybenaemlae)  >  (Ssdth,  lilac  asd  ftmuA  Laboratorlea) 
was  Injected  subcutaneously  (4  per  kg)  20  mlautM  before  the  toxin  and 
at  60  and  100  minutes  afterward. 

Atropine  (41  atropine  eulfate)  •  (Croohaa-Banea  Laboratorlaa)  waa 
given  Intraperitoncally  (1  mg  per  kg)  at  2  hemre  attd  at  1  hour  before  the 
toxin;  another  doae  (4  mg  per  kg)  waa  injected  Intravanoualy  1  hour  after 
the  toxin. 

*  Beckman  Inatrumenta,  Modal  t  electrofboraala  ayata% 


Phenergan'^  (promeChaalne  hydrochloride)  -  O^yeth  Laboratories)  was 
Injected  subcutaneously  (25  mg  per  kg)  30  minutes  before  the  toxin,  and 
Intravenously  (1.6  mg  per  kg)  40  minutes  after  the  toxin. 

The  follcwlng  <l^ugs  were  also  used  In  these  studies  as  Indicated  In 
the  text:  Nembutal®  (pentobarbital  sodium)  -  (Abbott  Laboratories); 
Compound  48/80  (Burroughs  Wellcome  and  Co.);  Serotonin  (serotonin 
creatinine  sulfate)  -  (Nutritional  Blochemlcals  Corp.);  UML-491 
(methyserglde  blmaleate)  *  (kindly  supplied  by  Sandoe  Pharmaceuticals). 


F.  DEMONSTRATION  OF  INCREASED  VASCULAR  PERMEABILITY  BY  DYE  LEAKAGE 

One  cc  of  17.  Evans  blue  dye  was  Injected  Intravenously  Into  rats  at 
Intervals  ranging  '‘rom  30  minutes  to  12  hours  following  the  administration 
of  toxin.  Five  minutes  after  Injection  of  Evans  blue,  the  rats  were  sacri¬ 
ficed  by  Intravenously  Injecting  30  mg  of  Nend>utal®.  The  color  of  lungs 
from  rata  that  had  been  given  toxin  Intravenously  was  coo^ared  with  that 
of  lungs  from  rats  given  Evans  blue  alone.  Following  intradermal  or 
Intraperltoneal  Injection  of  toxin  and  nontoxlc  culture  filtrates,  the 
color  of  Injection  sites  and  peritoneal  exudates  was  noted.  Colored 
photographs  of  tissue  specimens  were  taken  and  the  optical  density  of 
peritoneal  exudates  was  determined  at  630  mt. 


m-  R6BPUS 


A.  DEVELOPMENT  AND  SEVERITY  OF  PUUN3KAKY  EDEMA 

The  extent  of  pulmonary  edema  is  rats  given  anthrax  toxin  was  deter’ 
mined  by  weighing  the  lungs.  The  smtan  lung  wci|^t  of  55  oorsml  rats  was 
0.591  of  body  wel|d>C :  the  standard  deviation  from  this  mean  was  tO.ll. 

The  corresponding  values  obtained  with  141  rats  killed  in  1  to  3  hours 
by  toxin  was  1.49t0.18X  of  body  «m1|^. 

In  other  experiments,  pulmonary  exudates  were  collected  for  protein 
analysis.  As  saich  as  2  cc  of  exud^e  was  ehtained  from  rats  at  death  by 
exposing  and  cutting  the  trachea  to  collect  ^e  frothy  fluid  that  emergod. 
In  addition,  from  I  te  3  cc  of  clear  fluid  could  be  aepireted  from  tbm 
opened  chest  cavity.  Exudates  ceefuleted  upon  stndlng  a»d  snelyees 
were  perforwed  on  fluid  sxpreseed  fresi  Che  clots,  the  mean  total  protein 
content  of  fluid  from  Che  trediee  ead  from  the  cheat  cavity  of  13 
mas  5.5  and  4.9  g  per  100  cc,  respectlwcly.  the  meae  value  for  20  aormsl 
rat  earn  aaalyxed  at  tiic  oms  tims  was  6.4  g  per  100  cc.  The  paper 
*)leccroplieresls  patterns  in  Figuem  1  are  typical  of  tiMae  obtaimad  with 
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exudates  and  normal  sera  and  shov  chat  Che  exudates  contained  the  major 
serum  proteins.  These  observations  Indicate  that  the  fluid  escaping  from 
lung  capillaries  of  Che  rat,  at  least  in  the  terminal  stage,  is  essentially 
plasma . 

To  determine  when  pulmonary  edema  developed,  lungs  from  rats  sacrificed 
et  intervals  after  injection  of  a  lethal  dose  of  toxin  were  weighed. 

Figure  2  shows  the  lung  weights  of  57  rats  given  a  dose  of  toxin  chat 
killed  them  in  80  to  100  minutes.  Lung  weights  were  determined  in  14 
rats  at  the  time  of  death  from  toxin;  the  remaining  43  were  sacrificed 
at  Che  times  indicated.  These  results  show  chat  there  ia  no  appreciable 
accumulation  of  fluid  in  the  lungs  for  about  50  minutes  after  the  injec¬ 
tion  of  this  dose  of  toxin.  From  thfc  time,  lung  weights  increased  until 
terminal  values  as  high  as  TT,  of  boc^  weight  were  reached.  The  tine  at 
which  pulmonary  edema  was  detected  corresponds  to  the  onset  of  clinical 
symptoms. 

The  lag  in  onset  of  pulmonary  vascular  leakage  was  also  demonstrated  in 
Che  following  experiment.  Rats  were  given  an  intravenous  dose  of  Conin  that 
killed  them  in  80  to  90  minutes.  AC  various  Clams  thereafter,  Evana  blue 
was  injected  by  the  saise  route  and  the  anias  ls  were  aacriflcad  5  ailnutes 
later.  Lungs  from  animals  sacrificed  at  30,  40,  «p.d  45  adnutes  were  of 
Che  same  dusky  gray  color  as  lungs  from  rats  given  Evens  blue  only.  Lungs 
taken  at  60  tainutes  or  later  were  stained  blue;  the  Intensity  of  the  blue 
color  increased  with  tlaw  after  injection  of  tcxin.  In  a  similar  experi¬ 
ment,  Evans  blue  was  injected  and  rats  were  sacrificed  at  intervals  after 
Che  intravenous  injection  of  a  sub lethal  does  of  toxin  (0.25  cc).  Lungs 
from  animsls  sacrificed  at  1,  2,  and  3  hours  after  this  dose  showed  no 
gross  evidence  of  increased  blue  staining.  Lungs  taken  at  4,  5,  6,  8,  10, 
and  12  hours  were  stained  blue  and  were  edesMtous. 


B.  EFFECT  OF  DRUGS  ON  THE  RESFONSE  OF  DATS  TO  IRE  LETBAL  EFFECTS  UF 

ANTHRAX  TOXIN 

Rats  were  given  the  drugs  listed  in  Table  1  to  sec  whether  aueh  treec- 
aenc  had  an  inhibiting  effect  on  pulaxinary  edema  caused  by  Coxln.  Each 
of  these  drugs  has  been  reported  to  prevent  eosm  form  of  ocperlmentel 
pulmonery  edems.  For  axemplc,  Cameron  ead  ShaiUiP  prevented  the  forma¬ 
tion  of  pulmonary  adeaui  caueed  by  ammanium  aalts  In  the  ret  with  nicotine 
end  with  adrenergic  blocking  amenta.  In  tha  praeent  expSTlmcBt,  rats 
treated  as  described  in  Section  H  and  llttetmatea  of  cbeae  rata  mure  given 
appropriate  volumes  of  0,  91  sodium  chlorlda  solution.  The  large  ^ees  of 
drugs  did  not,  by  themselves,  kill  rats  or  effect  lung  meighte.  tets  is 
both  groups  were  then  given  a  lethal  doac  of  temia  (uaually  0.5  cc)  intra¬ 
venously.  The  raaults  In  Tab  la  1  ^ov  chat  rate  given  dnage  did  net  e«»r- 
vive  as  long  as  rats  given  eallnc,  and  that  pulmonary  adama  maa  not 
markedly  inhibited. 


Figure  1.  Electrophoretic  Pactemi  of  Noraal  Rat  Serna  (N), 
Edema  Fluid  from  the  Trachea  (T),  and  froa  the 
Chest  Cavity  (C).  - 


Tim*  Aft«r  Snjsdiont  minutss 

Figure  2.  Developaent  of  PulsMmary  Edena  In  Rata  Given 
Anthrax  Toxin. 
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TABLE  1,  EFFECT  OF  DRUGS  <W  RESPONSE  OF  RATS 
TO  ANTHRAX  TOXIN 


No.  of 
Rats 

Trcatiuent 

Time  to  Death, 
minutes 
(Mean  ±  SD) 

Lung  Weight, 

<• 

(Mean  ±  SD> 

10 

Nicotine 

140 

+ 

19 

1.43 

±  0.15 

9 

Saline 

145 

+ 

22 

1.53 

±  0.22 

10 

Prlscoline 

125 

+ 

14 

1.42 

±  0.19 

8 

Saline 

143 

+ 

23 

1.48 

±  0.10 

10 

Dlbenayline 

135 

+ 

17 

1.33 

±  0.21 

10 

Saline 

153 

+ 

23 

1.39 

±  0.17 

11 

Atropine 

116 

+ 

9 

1,37 

±  0.10 

10 

Saline 

135 

+ 

8 

1.49 

±  O.Of 

11 

Phenergan 

132 

+ 

13 

1.33 

±  0.16 

10 

Saline 

135 

+ 

8 

1.49 

±  0.08 

The  effect  of  bistamine  depletion  oq  the  responae  of  rats  to  toxin  was 
also  Investigated.  F'lllovlng  the  procedures  of  Riley  and  Hest,^  rats  were 
Created  with  Compound  48/80  for  5  days  and  toxin  was  Injected  intravenously 
on  the  6ii.h  day.  Tine  to  death  and  Itmg  weights  In  these  rats  w«re  the  same 
as  In  llttermates  given  saline  and  toxin.  Because  the  rats  given  48/80 
lost  more  weight  during  treatment  than  did  the  control  animals  and  because 
some  of  them  still  showed  clinical  .signs  of  histamine  release  upon  injec¬ 
tion  of  the  final  dose,  another  experiment  was  performed.  Rats  were  given 
"chronic  treatment"*  with  Compound  48/80  for  16  days;  at  that  time  there 
was  no  clinical  evidence  of  histamine  release  upon  injection  of  Che  drug. 

On  the  17th  day,  toxin  was  given  to  these  rats  and  to  llttermates  injected 
with  doses  of  saline  solution  for  16  days.  In  addition,  the  food  consump¬ 
tion  of  the  latter  group  was  limited  so  that  their  weight  loss  was  similar 
to  that  of  rats  given  48/80.  The  data  in  Table  Z  show  that  prior  treatment 
with  the  histamine  liberator.  Compound  48/80,  did  not  reduce  the  pulmonary 
edema  causeJ  by  toxin. 
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A  drug  with  «ntl-Berotonln  «ctlvity  was  alsc  tested  for  effect  on  the 
survival  time  and  pulmonary  edema  In  rats  given  toxin,  data  in  Table  3 

show  that  UML’*491  protected  rats  against  a  lethal  dose  of  serotonin 
Injected  as  long  as  3  hours  after  the  final  dose  of  drug.  M<me  of  these 
rats  shwed  any  signs  of  Illness.  Table  4  shows  that  this  treatisent  with 
UM.-491  did  not  Increase  survival  tine  or  decrease  pulmonary  edema  'n  rats 
given  a  lethal  dose  of  anthrax  toxin. 


C.  SUBCUTANEOUS  AMD  PERITONEAL  VASCULAR  LEAKATE 

Postmortem  examination  of  rats  killed  in  3  to  6  hours  by  a  lethal 
intraperltoneal  dose  of  toxin  revealed,  in  addition  to  pulmonary  edema, 
that  the  peritoneal  cavity  contained  as  much  as  4  cc  of  exudate.  No 
peritoneal  exudate  was  found  in  rats  sacrificed  at  corresponding  intervals 
after  the  administration  of  equivalent  intraperltoneal  doses  of  nontoxic 
culture  filtrate.  In  other  experiments,  rats  were  injected  Intraperi- 
toneally  with  2.0  cc  of  toxin,  a  sublethal  dose  eliciting  only  minimal 
signs  of  illness  when  given  by  chis  route  or  with  2.0  cc  of  nontoxlc 
culture  filtrate.  At  times  ranging  from  30  minutes  to  12  hours  afterward, 
Evans  blue  was  Injected  Intravenously.  Five  actnutes  later  the  rats  were 
sacrificed.  There  were  some  animals  in  which  the  cavity  and  viscera  were 
quite  moist  but  from  which  no  fluid  could  be  collected.  From  0.3  to  1.2  cc 
of  cloudy  fluid  was  aspirated  fros  the  peritoneal  cavity  of  other  rats 
sacrificed  at  30,  60,  and  80  minutes  after  Injection  of  toxin.  In  no 
case  were  these  samples  blue.  Samples  of  fluid  from  animals  sacrificed 
from  2  to  12  hours  after  Injection  of  toxin  ranged  In  volume  from  0.8  to 
3.5  cc  and  all  were  blue.  The  amount  of  dye  that  leaked  from  the  clrcu* 
lation  increased  from  2  to  3  hours  after  Injection  of  toxin  and  no  further 
change  had  occurred  by  12  hours.  Samples  of  peritoneal  fluid  up  to  0.8  cc 
in  volume  were  collected  at  30  to  90  adnutes  from  rats  given  nontoxlc 
culture  filtrate  and  none  were  blue.  At  2  hours  and  later  no  fluid 
could  be  collected. 

Similar  experiments  were  performed  to  deannstrate  vascular  leakage 
elicited  by  intradermal  Injection  of  toxin.  Toxin  and  nontoxlc  culture 
filtrate  (0.10  cc)  were  injected  into  separate  sites  on  the  abdominal 
skin  of  rats.  Dye  was  injected  intravenously  at  Intervals  thereafter 
and  the  animals  were  sacrificed  5  adnutes  later.  Exaadnation  of  rats 
sacrificed  at  1,  1^,  2,  and  2%  hours  revealed  no  evidence  of  dye  leakage 
at  the  injection  sites.  The  sites  of  toxin  Injection  In  rats  sacrificed 
at  3%  to  8  hours  were  aiarked  by  a  clearly  discernible  area  of  blue  about 
1  cm  in  diameter  on  the  under  surface  of  the  skin.  There  was  no  area  of 
palpable  edema  such  as  that  found  In  the  guinea  pig  24  hours  after  Intra¬ 
dermal  injection  of  crude  toxin.  The  sites  where  nontoxlc  culture  filtrate 
had  been  Injected  were  not  blue. 
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TABLE  4.  EFFECT  OF  UML-491  IN  RATS  GIVEN  A  LETHAL  DOSE  OF  TOXIN 


Time  Co  Death, 

Lung  Weight, 

No.  of 

minutes 

7. 

Rats 

Treatment 

(Hean  ±  SD) 

(Mean  ±  SD) 

9 

UML~^-(60  mln)-UML-(15  min) -Toxin  j 
UKL-^-(60  mln)-Toxln-(60  min)-UML 

> 

178  ±  16 

1.29  ±  0.13 

9 

10 

Saline-(60  mtn)-Toxin-(60  mln)-Salini 

17d  ±  17 

1.27  ±  0.11 

a.  First  dose  10  mg  Intraperitoneal;  second  dose  3.3  iQg  Intravenous. 


IV.  DISCUSSION 


These  experiments  have  shown  that  the  massive  pulmonary  edema  con¬ 
sistently  found  In  rats  killed  by  anthrax  toxin  develops  only  after  a  lag 
period  during  which  signs  of  illness  are  absent.  The  protein  content  and 
electrophoretic  analyses  of  pulmonary  exudates  collected  from  rats  after 
death  Indicate  that  plasma,  per  se,  had  escaped  from  the  pulmnoaiy  capil¬ 
laries.  Sub lethal  doses  of  toxin  also  elicited  a  delayed  but  prolonged 
leakage  In  pulmonary,  peritoneal,  and  subcutaneous  vascular  beds.  Treat¬ 
ment  of  rats  given  toxin  with  atropine,  adrenergic  blocking  drugs,  and 
nicotine  did  not  prolong  survival  time  or  prevent  pulmonary  edesM.  These 
experiments  thus  failed  to  Implicate  the  sutonoodc  nervous  system  as  a 
mediator  In  the  action  of  anthrax  toxin.  Similar  results  upon  treatment 
with  an  antihistamine  drug.  Compound  48/80,  and  a  potent  anti -serotonin 
compound,  along  with  the  fact  that  vascular  leakage  is  delayed,  indicate 
that  histamine  and  serotonin  do  not  play  essential  roles  in  the  lethal 
action.  These  data  suggest  chat  toxin  caused  pulmonary  edema  by  a  direct 
action  on  blood  vessels  but  we  have  no  evidence  to  exclude  Che  possibility 
that  this  effect  Is  mediated  through  other  factors  elicited  by  intoxlcacioo. 
Morphologic  changes  In  Che  capillary  endothelium  of  rats  given  anthrax 
toxin  were  demonstrated  by  electron  microscopy  and  are  described  in  another 
report.' 
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pathogenesis  and  nature  of  the  pulmonary  edema  caused  by  lethal  doses 
ax  toxin  in  Fischer  144  rats  were  investigated.  It  was  shown  that 
puliiionarv  edema  developed  only  after  a  lag  period  during  wltich  signs 
ss  were  absent.  The  protein  content  and  electrophoretic  analyses  of 
collected  from  rats  killed  by  toxin  indicated  that  plasma  had  escaped 
pulmonary  circulation.  Following  injection  of  sublethal  doses  of  toxin, 
d  iiiit  prolonged  vascular  leakage  In  pulmonary,  peritoneal,  and  subcu- 
Vi'iscular  lieds  was  also  demonstrated.  Pulmonary  edema  was  not  prevented 
survival  time  increased  by  treating  rats  with  drugs  Inhibiting  histamine 
onin  or  with  drii.;s  blocking  the  autonomic  nervous  system  at  several 
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